Doped pn junctions are fundamental electrical components in modern electronics and optoelectronics. Due to the physical properties and unique structures of the two-dimensional (2D) materials, 2D pn junctions made of these novel materials may be considered as basic building blocks of more complex devices. In this work, we develop a comprehensive physics based simulator model to investigate the 2D lateral pn junction driven out-of-equilibrium based on the solution of the 2D Poisson's equation coupled to the drift-diffusion and continuity equations. Notably, the simulator takes into account the strong influence of the out-of-plane electric field through the surrounding dielectric. Our study reveals that a Shockley-like equation for the ideal current-voltage characteristic, similar to that of the 3D pn junction, can be obtained for 2D pn junctions, provided an appropriate effective depletion layer is defined. The impact of recombination-generation processes inside the large depletion layer produces significant deviation from current-voltage (J-V) characteristics. Moreover, we analyze the depletion and diffusion capacitances of 2D lateral pn junction and discuss its cut-off frequency as the relevant Figure- of-Merit (FoM) for RF applications. To investigate the impact of the dimensionality in the performance of 2D junctions, we benchmark the MoS2 junction (2D case) against the Si junction (3D case).
Introduction
Two-dimensional (2D) layered materials like graphene, phosphorene and Transition metal dichalcogenides have encouraged researchers to develop a new generation of 2D crystal based electronic devices such as diodes, transistors, barristors and optoelectronic devices [1] - [7] . These devices can contain, as essential part of their structure, junctions consisting of these 2D layered materials, called 2D junctions. 2D junctions can be integrated into a device either by using an out-ofplane configuration, featuring vertically stacked Van der Waals-bounded layers [8] , [9] , or by lateral (in-plane) configuration, spanning adjacent regions of different doping in the covalently bounded 2D plane [10] - [12] . 2D lateral pn junctions are particularly useful for optoelectronic devices because the built-in potential created in the extended space charge region [13] separates and drives the photogenerated e-h pairs to generate photocurrent. While in the literature one can find many reports of experimental works on fabrication techniques and characterization of 2D junctions, the same is not Figure 1 . Scheme of the 2D lateral pn junction geometry true for theoretical studies where the impact of the dimensionality on their electrical properties and their differences with the 3D junction (3DJ) are reported. Although some researchers have studied, from a theoretical point of view, the 2D lateral junction in equilibrium [14] - [17] the out-ofequilibrium regime remains to be investigated theoretically. Here, we report a study based on numerical simulations, which sets the basis to gain understanding of experimental measurements and for the assessment of future compact models. Our study have focused on the 2D lateral pn junction (2DJ), leaving for a future work the investigation of the 2D vertical pn junction. The manuscript has been divided in the following sections: in Section 2, we have described the numerical model used to investigate the properties of the 2DJ out-of-equilibrium; in Section 3 we have proposed a simple model describing the ideal electrical characteristics of 2DJ. Deviations from the ideality have also been discussed. In Section 4 we have investigated the impact of dimensionality on the J-V characteristics, specifically we have benchmarked the monolayer MoS2 junction against the silicon junction. In Section 5, we have addressed the calculation of capacitances and conductance of 2DJ out-ofequilibrium. Based on these results, we have investigated its FoMs, such as the cut-off frequency. Finally, in Section 6 we have discussed the role played by the dielectric environment in defining the J-V characteristics and the possibility of tuning the diode rectification. Figure 1 represents the physical structure of the 2DJ considered in this work. The semiconductor lays in the plane = 0, where there is an abrupt junction of p-type and n-type semiconductors at = 0. The device width W along the y-axis is large enough to consider the independence of its properties on that direction. The metal electrodes at the edges of the device ( , , 0) and ( , , 0) are considered to make perfect ohmic contacts and supply a ground reference potential to the right edge and a potential to the left edge. The non-linear Poisson's equation −∇ 2 ( , ; ) = ( ; ) ( )/
Numerical Model
describes the 2DJ electrostatics, where ( , ; ) is the 2D electrostatic potential distribution in the -plane when a bias is applied to the device, is the sheet charge density, is the effective dielectric permittivity of the insulating media surrounding the junction and ( ) is the Dirac delta function. The effective permittivity is calculated as the mean value between the permittivity of the dielectric above the junction and the permittivity of the dielectric below the junction. The sheet charge density is = ( − + − ), where , and are the elementary charge, and the electron and hole sheet densities, respectively. By assuming complete ionization, and are the surface doping densities of donors and acceptors, respectively. Here, we have assumed chemically doped 2D semiconductors [5] , while electrostatic doping will be the subject of future studies. Now, by integrating Eq. 1 along and using the Dirac delta function properties, the electrostatic problem can be transformed into the following Laplace's equation: 2 ( , ; ) = 0, (2) along with the boundary conditions: / = − ( )/2 at = 0, and Neumann-like boundary conditions for the rest of the domain boundaries, as shown in Figure 2 , which illustrates the window of the numerical calculation. Additional details about the method to solve the Laplace's equation can be found in our previous work [14] .
For the description of the 2DJ electrodynamics along the lateral dimension , the drift and diffusion currents contributions must be considered for both electron and hole currents. Thus, the 1D electron and hole current densities are determined by the following equations:
where ( ) and ( ) are the electron (hole) mobility and diffusion coefficient, respectively, ( ) = ( , 0; ) is the in-plane electrostatic potential under the quasi-steady state approximation and ( ) ( ) is the electron (hole) quasi-Fermi potentials. and ( ) are related to the local intrinsic energy and electron (hole) Fermi energy as ( ) = − and ( ) ( ) = − ( ) , respectively. The boundary conditions set and to zero at the right edge of the n-side ( = ) and at the left edge of the p-side ( = ). The local electron and hole densities can be written in terms of the electrostatic and the quasi-Fermi potentials as follow:
, with 2 the band-edge density of states (DOS), the Boltzmann constant and the absolute temperature [14] . As an example, 2 for single layer MoS2 is about 5 × 10 6 eV -1 µm -2 [18] . All the simulations in this work have been done assuming room temperature ( = 300 K). Figure  3 shows the band diagram, Fermi energies and intrinsic energy profiles of a 2DJ, as calculated from our numerical model. In equilibrium a built-in potential develops across the depletion layer, while in the out-of-equilibrium regime it is reduced/augmented as − according to the sign of .
Finally, in order to complete our model we need to consider the conservation of the mobile charge through the continuity equations: where is the net recombination rate mediated by capture and emission of carriers at trap centers located in the band gap of the semiconductor. Note that, from Eqs. 5a-5b, then ( ) = ( 0 ) + ( 0 ) = = . Based on the Shockley-Red-Hall model, like in 3D semiconductors [19] , the following expression for can be obtained (for the non-degenerated case):
where ( ) represents the minority electron (hole) lifetime, at low-level injection, and =
Our method solves Eqs. 2-5 in a self-consistent way in order to get ( , ), ( ), ( ), ( ), ( ) for a given applied bias . Appendix 1 details the algorithm used to solve the abovementioned set of equations.
The ideal 2D diode
Similarly to conventional 3D pn junctions, it is possible to obtain an analytical model (the equivalent to Shockley's equation) for the ideal 2DJ. For 3DJ the following approximations are assumed so to develop the ideal model [19] , [20] : (i) A dipole layer fully depleted of carriers with abrupt boundaries supports the voltage drop − and, outside those boundaries, the semiconductor is assumed to be neutral. (ii) The carrier statistics is assumed to follow a Boltzmann distribution, implying that the semiconductor is assumed to be non-degenerated. (iii) The excess of minority carriers injected in the quasi-neutral region is much less than the corresponding majority carrier density (low injection approximation). (iv) There is a zero net recombination rate ( = 0) inside the depletion layer such that the total current is only due to the diffusion component of minority carriers in the neutral regions.
In this Section, we discuss the possibility of extending the previous assumptions to 2DJs in order to get the 2D equivalent to the Shockley equation. This will be done on the basis of numerical simulations relying on the model described in Section 2. Figure 4 shows, from our simulations, the normalized charge density along the n-side of symmetric 2DJ and 3DJ devices in thermal equilibrium. These devices have similar parameters which correspond to 2DJ1and 3DJ1 described in Table I , except for their corresponding DOS. Remarkably, the semiconductor of 2DJ1 device has a gap of energy similar to that of Si and equivalent doping characterized by the energies and represented in Figure 3a , i.e. ,2 = ,3 = | ,2 | = | ,3 |. In Figure 4 , the shaded regions represent the transition regions between the fully depleted layer ( /~1) and the quasi-neutral region ( /~0) for both devices. It is worth noticing that we have used the notation and for both 2D case and 3D case. That is, and represent surface (volume) charge density and surface (volume) doping density in the 2D (3D) case, respectively. The length of the transition regions are 2~4 8 and 3~0 .1 for the examined 2DJ and 3DJ, respectively. It is worth noticing that the 2D transition region is much wider (~500× for the examined case) than the 3D case because of a weaker screening of charge carriers related with a significant outof-plane electric field, as compared with the strong screening exhibited in 3DJs. The strong screening in 3DJs justifies the total depletion approximation, giving place to a well-defined depletion region of width:
where = = for the symmetric junction. As for the 2DJ, there also exists a depletion layer which width has been modeled in Ref. [17] , by using a method based on infinite number of reflections of the image charge, which have resulted in:
Symmetric case, (8a) Asymmetric p + n case, (8b) where = 0.915 is the Catalan's constant. However, Eq. 8b is not as accurate as Eq. 8a resulting in non-negligible electric field at the edges of the depletion layer. A more appropriate , (2) could be defined, numerically determined by the condition / = 56.4% at both sides of the junction, guaranteeing an almost zero field at the edges. This ratio guarantees that for symmetric 2DJs both definitions , (1) and , (2) give the same result. Once defined the EDL, it is possible to consider the 2DJ as consisting of three regions as in 3DJs: the quasi-neutral p-side, the quasi-neutral n-side, and the EDL. Now, by assuming zero net recombination ( = 0) inside the EDL, low injection, and the Boltzmann approximation to calculate the carrier densities, a Shockley-like equation for the ideal 2DJ case can be obtained. Although not shown here, the 2D Shockley-like equation comes, in total analogy with the 3D case, from the solution of the continuity equation to get the diffusion current of the minority carriers ( ) in the quasi-neutral regions [20] , which allows to get the total current (J Ideal ) density for a given bias as:
is the reverse saturation current density per unit length, and the electron (hole) diffusion length is defined as ( ) ≡ √ ( ) ( ) . Assuming non-degenerated 2D semiconductors, Eq. 4 reduces to:
On the other hand, for the non-degenerated case, the diffusion coefficient ( ) becomes ( ) = ( ) / . For 2D semiconductor crystals is typically much smaller than 10 11 −2 of zero-gap graphene. For example, monolayer MoS2 and MoTe2 semiconductors, with gaps of 1.8 eV and 1.15 eV, respectively, have intrinsic carrier densities ~10 −2 −2 and ~10 3 −2 , respectively.
Next, the ideal 2D diode equation has been benchmarked against numerical simulations based on Eqs. 2-5 assuming = 0 inside the EDL. Figure 5a presents Table I . As can be observed from the figure, the 2D Shockley-like equation (ideality factor = 1), fits very well with the numerical simulation at both reverse and forward polarizations even when not strictly applicable the full depletion approximation. On the other hand, Figure 5b shows the ideal J-V characteristics together with the numerical simulations for an asymmetric 2D + junction with parameters described by device 2DJ2 in Table I . Again, the black dashed curve has been calculated with the Shockley-like equation with = 2.9 10 −30 A/cm and the other are from the numerical model with the two different definitions given for , . Importantly, the 2D Shockley-like equation fits much better the numerical simulation taking , (2) as the effective depletion layer width rather than , (1) .
Next, we have analyzed in more detail the electrostatics of asymmetric 2DJ. Figure 6a shows the relative total charge density calculated at forward bias, for asymmetric 2DJ as a function of the position. The asymmetric 3DJ case is also shown for comparison purposes. The parameters here used are those of the 2DJ2 and 3DJ3 devices in Table I . It is clear that the widths , (1) and , (2) are quite different. The reason why , (2) results in a better fit of the Shockley model with the numerical model can be understood by means of Figure 6b , which shows the electrostatic potential along the device. At , (2) the electric field is much closer to zero than for , (1) , so the beginning of the quasi-neutral region is better defined with , (2) . Figure 6c shows that the electric field for the 2D case is not linear with the position, as in the 3D case, but it goes as ln ( /( − )) near the junction. Finally, Figure 6d shows the carrier density profiles ( ) and ( ) of the 2DJ2 device at equilibrium and out-of-equilibrium. In the inset, we have repeated the carrier density profiles at forward bias ( = 0.5 ) in a wider region, exhibiting a constant slope (in logarithmic scale) in the quasi-neutral region, near the edge of the EDL, related with the hole diffusion length . The extracted , (1) has been calculated according to Eq. 8a. (b) Asymmetric 2DJ2 device.
, (1) has been calculated according to Eq. 8b and , (2) according to the criterion /~0.56. In both cases a zero net recombination rate ( = 0) has been assumed inside the EDL. value of is ~0. 19 which coincides with ≡ √ / , as expected from the parameters of 2DJ2 device in Table I. 
4.
Impact of the dimensionality in 2D lateral pn junctions.
In order to investigate the impact of the dimensionality in 2DJs, we have carried out simulations of both symmetric 2DJ and 3DJ with similar parameters as given by devices 2DJ1 and 3DJ1, respectively, except by their DOS. We have taken into account R-G processes inside the EDL. The devices have been simulated up to forward biases such that the series resistance of the quasi-neutral regions can be appreciated. The resulting current densities are shown in Figure 7 , normalized to the corresponding . In the main panel, marked as "Ideal", are the J-V characteristics with = 0 inside the EDL defined by and , in Eqs. 7 and 8a, respectively. The "Ideal" curves fit the Shockley equation = ( / − 1), with ideality factor = 1, quite well within the voltage range where no appreciable influence of series resistance is observed. More specifically, as shown in the inset, the ideality factor extracted from the numerical results is ~1 up to ~0.7V for the "Ideal" case, and then it quickly increases. On the other hand, the "Non-ideal" curves are obtained after considering ≠ 0 inside the EDL according to Eq. 6. Different regions of J-V characteristics can be observed depending on the bias, namely: generation current (G) at reverse bias, recombination current (R) at low forward bias, diffusion current (D) at moderate forward bias, and current dominated by the series resistance (Rs) at high forward bias. High injection conditions are not present within the considered voltage range. Clearly, some differences between the 2D and 3D cases appear, even though the used parameters are similar. In the main figure, at reverse bias, the relative current density of the 2DJ is larger than the 3DJ. To understand this result, let us consider, firstly, the current driven by R-G processes under reverse-bias. Inside the EDL ≪ , ≪ , so < 0 is then dominated by generation of electronhole pairs, and can be expressed as: (12) where is the generation lifetime, defined by the expression in brackets. The current due to generation in the effective depletion region can be roughly estimated by assuming a mean value ̅ = − / ̅ of net recombination inside the EDL as: Figure 8 shows the profiles of for a 2DJ at both reverse and forward bias, obtained from our numerical model, along with | ̅ | in the EDL with ̅~~. Thus, the ratio / can be written as:
. (14) This result is also valid for 3DJ after changing , by
. Typically, , for 2DJs is larger than in 3DJs because of the weaker screening of charge carriers in 2D. On the other hand, and are typically smaller in 2D as a consequence of smaller lifetimes and mobilities. Assuming the same / for the 2D and 3D, it does result in a larger / for the 2D case.
On the other hand, at forward bias, the major R-G processes in the EDL are the electron and hole capture processes (recombination) from the conduction and valence band, respectively, into the trap centers in the bandgap. Thus, a net recombination rate > 0 produces a dominant recombination current (R) over the diffusion current (D) in the quasi-neutral regions. This is valid from zero bias up to the crossover voltage 2 ′ reached when /~1 (see Fig. 7 ). By following the same procedure that in the literature for 3D pn junctions, it is possible to find a simple expression for the recombination current density J R at > / [21]: = √ 2 ( 2 ), (15) where is the electric field at the location of maximum recombination and a characteristic ideality factor = 2 is present. To get this expression for J R we have assumed = = for simplicity. As shown in Figure 6c , the dependence of the electric field for 2DJ with the position is not as simple as the 3D case and, in general, numerical approximations are needed to find as a function of the applied voltage. However, by using the simple approximation ≈ ̅ = − , , which is the average electric field in the EDL, a bias independent formula = 4 2 , valid for symmetric junctions, can be obtained. Thus, the ratio / at forward bias results in:
Again, this ratio is typically larger for 2DJs than for 3DJs due to the lower intrinsic carrier densities, carrier lifetimes and mobilities for the 2D semiconductors. In addition, a closed expression for the crossover voltage 2 ′ , can be obtained: ). (17) Using the parameters for the device 2DJ1 in Table I, 2   ′~0 .57 V, which agrees with the obtained value in Figure 7 from our numerical model. The value of 3 ′ cannot be analytically obtained, but from our simulation 3
′~0
.42 V, as illustrated in the inset of Figure 7 . These effects can also be understood through the difference between their EDL in thermal equilibrium with , = 5.24 and = 0.17 for 2DJ and 3DJ, respectively.
Now, let's examine the differences between a typical 3DJ made of Si and a 2DJ made of monolayer
MoS2. For this, we have simulated symmetric devices 2DJ3 and 3DJ2 described in Table I . For the sake of making a fair comparison the selected doping in each device is such that ( − )| 2 = ( − )| 3 = ( − )| 2 = ( − )| 3 is fulfilled the quasi-neutral region, far away from the EDL. Numerical results of the normalized J-V characteristics are shown in Figure 9 . We can observe that / for the 2DJ is ~10 8 larger than the 3D one, and the crossover voltage 2 ′ for the 2D pn junction is approx. 1 V larger than 3 ′ . Again, this can be understood because of the drastic reduction of both the intrinsic carrier density and diffusion length of minority carriers (smaller lifetimes and mobilities) together with the larger EDL in the 2D case. As for the 2D case the Rs -effect is not visible within the considered voltage range. However, for the 3DJ the Rs -effect starts to be strong at ~0.8V. Remarkably, the MoS2 2DJ exhibits an ideality factor close to 2 up to ~1.3 V, indicating the dominance of the recombination current over the diffusion current. Interestingly, experimental evidence of this phenomenon, has been reported by Choi et al. [5] for 7nm thick MoS2 lateral pn junctions and Baugher et. al [22] for electrically tunable pn diodes. Their experimental evidence reveals that the thinner the crystal semiconductors the nearer to 2 the ideality factor.
Capacitances and cut-off frequency in 2D lateral pn junctions.
In this section we address the investigation of the capacitances associated to the 2DJ in the out-ofequilibrium regime. An equivalent circuit will be presented and the cut-off frequency of the 2DJ will be analyzed. For the sake of simplicity, we have focused the discussion on the symmetric 2DJ. Let us begin discussing the depletion-layer capacitance per unit length, defined as = / , where is the incremental depletion charge on each side of the junction after applying an incremental voltage change . Assuming the total depletion approximation, the depletion charge on the p-side, for example, can be calculated as = − , ( )/2. From Eq. 8a we can obtain:
which does not depend on the applied voltage, in striking contrast to the 3D case. The depletion-layer capacitance accounts for most of the junction capacitance when the junction is reverse-biased. At forward bias, a diffusion capacitance exists in addition to the depletion capacitance. The diffusion capacitance is the result of the rearrangement of minority surface carrier in the quasi-neutral regions. Thus, in a similar way to the 3D case, when a small ac signal, characterized by an angular frequency , is applied to a 2DJ that is forward-biased at a dc voltage , the total voltage and current can be written as: * ( ) = + * exp ( ) (19) * ( ) = + * exp ( ) (20) where * and * are the small-signal voltage and current density, respectively. The real and imaginary parts of the admittance * / * are related with the diffusion conductance and diffusion capacitance , respectively. By applying the same procedure as the one used for 3DJs [20] , the following expressions for the low frequency diffusion capacitance and conductance, respectively, are obtained: ( + ) ( ), (22) which is the same result as the one that can be obtained by differentiating Eq. 9, that is = / = −1 , where is defined as the differential resistance. In Figure 10 we have shown the behavior of both and capacitances as a function of for 2DJ1 with small gap (Fig. 10a ) and 2DJ3 with large gap (Fig. 10b ). More details of those devices are given in Table I . The green solid lines correspond to the capacitances obtained from our numerical model, according to: 
where Δ ( ) and Δ ( ) are the excess of hole and electron surface densities, respectively, in the quasineutral regions. The black solid lines refer to the theoretical model, where the and capacitances have been calculated from Eqs. 18 and 21, respectively. In Figure 10 we have included the corresponding 3D simulations and theoretical model outcome from [20] for comparison purposes (brown dashed lines). The 2D and 3D capacitances have units of / m and / m 2 , respectively. Importantly, Eqs. 18 and 21 fit very well to the numerical result, both in 2D and 3D cases.
By taking advantage of the insensitivity to the voltage, a simple formula for the critical bias * that makes ≅ , can be obtained: * = ( 2 2 4 2 ( + ) ) (25)
For the examined devices 2DJ1 and 2DJ3, the calculated critical voltages are ~0.66 V and ~1.5 V, respectively. These values agree with the numerical results shown in Figure 10 . In general, 2DJs made of large gap semiconductors with both low carrier lifetimes and mobilities exhibit a relatively high critical voltage * , resulting in a total capacitance dominated by the depletion component, that is = +~ that, interestingly, could be modulated by the dielectric permittivity of the surrounding media, according to Eq. 18. The equivalent circuit model of the diode can be obtained as the total capacitance , in parallel with its ac differential resistance . The resistance of the quasi-neutral regions and contact resistance can be modeled by a resistance in series with the parallel combination of -as shown in the inset of Figure 11b . It is worth noticing that the units of and are Ωμm (Ωμm 2 ) for 2D (3D) junctions, respectively. Once determined the diode equivalent circuit, the cut-off frequency can be defined as the frequency at which * / * = : , and the cut-off frequency can be approximated as ≈ 1/2 . Our simulation shows that the 2DJ1 device, which has the same gap than the 3DJ1 device, exhibits almost two orders of magnitude less than its 3D counterpart at low bias. By choosing large gap semiconductors like the monolayer MoS2 the maximum can reach the GHz range, although far away from the frequencies reached by 3DJs, as exemplified by the 3DJ2 device.
In Figure 11b we have analyzed the influence of doping in defining . Specifically, it shows the zero bias cut-off frequency for 2DJ3 and 3DJ2 devices as a function of doping density which has been characterized by ( − )/ . Given that we have considered symmetrical junctions, then ( − )| − = ( − )| − . The results obtained reveal the beneficial effect of high doping to get the highest possible . According to our numerical result, the silicon based 3DJ can reach zero bias cut-off frequencies over tens of GHz, meanwhile the MoS2 based 2DJ can reach ~1 GHz. Further investigation will be needed with calibrated parameters to foresee the potential of 2DJs.
Impact of the surrounding dielectric permittivity
In this section, we have analyzed the impact of the surrounding dielectric medium on the J-V characteristics of 2DJs. Because of the bi-dimensionality they are quite sensitive to the surrounding dielectric, so it is possible to design devices with tailored depletion capacitance (Eq. 18) and current. Eqs. 13 and 15 show how the current driven by R-G processes inside the EDL depend on , and the maximum lateral electric field 0 , which are both dependent on the dielectric constant of the surrounding media. Figure 12 shows the dependence of the relative current density on the effective dielectric constant for the symmetric device 2DJ3 described in Table I . We have assumed that the dielectric-semiconductor interface is free of charge density. The inset of Figure 12 shows the dependence of the relative current on at both reverse bias and forward bias, exhibiting a linear relationship as predicted by Eqs. 13 and 15, respectively.
Conclusions
We have investigated the electrostatics and transport properties of 2D lateral pn junctions driven outof-equilibrium. For a such purpose we have implemented a physics-based simulator where the 2D Poisson's equation is solved self-consistently with the drift-diffusion and continuity equations. Our numerical simulations reveal the impact of R-G processes inside the depletion layer in the J-V characteristics. Deviations from ideal J-V characteristics and the impact of the dimensionality has been thoroughly discussed. We have also discussed the possibility of tuning the J-V characteristics by using the permittivity of the surrounding environment. Moreover, we have analyzed the capacitances and conductance of 2DJs, which allow to define an equivalent circuit. Based on it, we have benchmarked the cut-off frequency of 2DJ for different gaps and doping scenarios, taking the 3DJ case as the reference. The present work opens the door to a wider exploration of potential advantages that 2DJ could bring in terms of FoMs given the long list of available 2D materials. For that to happen a set of material-dependent calibrated parameters is required for any given technology. As mentioned in the description of the numerical model, we have implemented a self-consistent method in order to solve the system of Eqs. 2-5. Our method follow the steps as presented in the flow diagram of Figure A . For both reverse bias and forward bias the algorithm starts from the solution of the 2D Poisson's equation at thermal equilibrium in the -plane by using an elementary initial guess 0 ( , ) = .
8.

Appendix. Self-consistent algorithm to numerically investigate the 2D lateral pn junction
To find the solution [ ( ), , ( ), , ( ), , ( ), , ( )] to the system of equations at the applied bias , where ∈ [ , ], iterations are needed before the algorithm converges. In the iteration ( = 1,2 3, . . , ), firstly, the 1D transport's equations (Drift-Diffusion + Continuity) are solved under the boundary conditions imposed by the quasi-Fermi potentials, to find [ , ( ), , ( ), , ( ), , ( )] . In this point, the initial guess is the solution of the previous iteration [ , −1 ( ), , −1 ( ), , −1 ( ), , −1 ( )] and the used electrostatic potential is that from the previous iteration −1 ( ).
Secondly, the 2D out-of-equilibrium Laplace's equation is solved in the -plane, under the boundary conditions given in Fig. 2, to find ( , ) . At this point, the initial guess is the electrostatic potential −1 ( , ) found in the previous iteration and the quasi-Fermi potentials are those from the present iteration , ( ), , ( ). Then, the sheet charge density distribution ( ) is calculated with the new solution [ ( ), , ( ), , ( )] and compared with the sheet charge density distribution −1 ( ) of the previous iteration by means of the relative error defined as:
When the algorithm converges for the bias , the solution [ ( ), , ( ), , ( ), , ( ), , ( )] serves as the initial guess for the first iteration of the self-consistency at bias +1 . This way, the algorithm is able to find the 2D electrostatic potential ( , ), the 1D electrostatic potential ( ) = ( , 0), the quasi-Fermi potentials ( ) and ( ), the density currents ( ) and ( ), and the total current = ( ) + ( ), for any given bias point. Here, is any point belonging to the interval [ , ] .
